Autophagy has been identified as a cellular process of bulk degradation of cytoplasmic components and its persistent activation is critically involved in the renal damage induced by ureteral obstruction. However, the role and underlying mechanisms of autophagy in hyperuricemic nephropathy (HN) remain unknown. In the present study, we observed that inhibition of autophagy by 3-methyladenine (3-MA) abolished uric acid-induced differentiation of renal fibroblasts to myofibroblasts and activation of transforming growth factor-β1 (TGF-β1), epidermal growth factor receptor (EGFR), and Wnt signaling pathways in cultured renal interstitial fibroblasts. Treatment with 3-MA also abrogated the development of HN in vivo as evidenced by improving renal function, preserving renal tissue architecture, reducing the number of autophagic vacuoles, and decreasing microalbuminuria. Moreover, 3-MA was effective in attenuating renal deposition of extracellular matrix (ECM) proteins and expression of α-smooth muscle actin (α-SMA) and reducing renal epithelial cells arrested at the G 2 /M phase of cell cycle. Injury to the kidney resulted in increased expression of TGF-β1 and TGFβ receptor I, phosphorylation of Smad3 and TGF-β-activated kinase 1 (TAK1), and activation of multiple cell signaling pathways associated with renal fibrogenesis, including Wnt, Notch, EGFR, and nuclear factor-κB (NF-κB). 3-MA treatment remarkably inhibited all these responses. In addition, 3-MA effectively suppressed infiltration of macrophages and lymphocytes as well as release of multiple profibrogenic cytokines/chemokines in the injured kidney. Collectively, these findings indicate that hyperuricemia-induced autophagy is critically involved in the activation of renal fibroblasts and development of renal fibrosis and suggest that inhibition of autophagy may represent a potential therapeutic strategy for HN.
Introduction
Emerging data demonstrate that uric acid is tightly linked to cardiovascular disease, diabetes, and high mortality in patients with chronic kidney diseases (CKD) [1] [2] [3] . Multiple factors such as hypertension, diabetes, and proteinuria promote onset and progression of CKD to end stage of renal disease (ESRD) [4, 5] . Recent human and animal studies have uncovered that hyperuricemia is also an independent risk factor of CKD and is prevalent in patients with this disease [6] . Thus, understanding the mechanism by which uric acid induces pathological changes in the kidney will aid to develop novel therapeutic approaches for alleviating the progression of CKD.
Our recent studies have shown that hyperuricemia-induced kidney injury connects with the pathogenesis of renal fibrogenesis, which is mediated by activation of epidermal growth factor receptor (EGFR) and TGF-β signaling [7] . Blocking EGFR inhibited hyperuricemia-induced activation of the transforming growth factor-β1 (TGF-β1)/Smad3 signaling pathway [7] .
TGF-β1/Smad3 signaling pathway is one of the critical mechanisms in driving expression of multiple profibrotic genes and mediating fibroblast activation in the pathogenesis of kidney fibrogenesis [8] . Independent of profibrogenic process of Smads, TGF-β-activated kinase 1 (TAK1) is a major upstream signaling molecule in TGF-β1-induced expression of collagen I and fibronection through activation of the MAPK kinase (MKK)3-p38 and MKK4-JNK signaling cascades, respectively [9, 10] . In addition, kidney fibrosis is accompanied by sustained expression of developmental genes, such as Wnt and Notch [11] [12] [13] . These signaling pathways contribute to the pathogenesis of renal fibrosis. More recent work demonstrated that proximal tubular cells arrested in the G 2 /M stage of cell cycle after injury facilitate secretion of profibrotic cytokines, eventually leading to kidney fibrosis [14] .
Hyperuricemia-elicited kidney injury is also associated with inflammation [7] . Uric acid can trigger inflammatory responses by activating some transcription factors, such as nuclear factor-κB (NF-κB), and induce production and release of multiple profibrotic and pro-inflammatory chemokines/chemokines like tumor necrotic factor-α (TNF-α), interleukin-1β (IL-1β), monocyte chemoattractant protein-1 (MCP-1), and regulated upon activation normal T-cell expressed and secreted (RANTES) [7, 15] . It has been observed that hyperuricemia-elicited endothelium injury and vascular dysfunction correlated with a reduction of NO and overproduction of inflammatory cytokines through the NF-κB signaling pathway [16] .
Autophagy is a crucial and rudimentary biological process involved in both physiological and pathological conditions [17] . Physiologically, it is the degrading process of proteins and organelles mediated by lysosomes and participates in the regulation of cell metabolism and survival [17] . However, defective autophagy is associated with pathological conditions, for instance, autoimmune disease, tumorigenesis, neurodegenerative disease, and senescence [18] [19] [20] [21] . Based on the difference between channels that deliver substances to lysosomes, autophagy is classified into three types, macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) [17, 22] . Iconic proteins in autophagic membrane mainly include microtubule-associated protein 1 light chain 3 (LC3), Beclin-1, autophagy-related gene (Atg) 7 (Atg7), Atg12 and autophagy-adjusted protein [17, 22] . Recent studies have shown that persistent activation of autophagy can promote renal damage induced by ureteral obstruction through the mechanisms involved in tubular cell death, interstitial inflammation, and production of profibrotic factors [17] . However, whether autophagy promotes the development of HN remains unknown.
In the present study, we assessed the effect of autophagy inhibition on uric acid-stimulated renal fibroblast activation in cultured rat renal kidney fibroblasts (NRK-49F) and investigated its therapeutic potential in a rat model of HN induced by feeding a mixture of adenine and potassium oxonate. Moreover, we elucidated the mechanisms by which blockade of autophagy alleviates the development of HN.
Materials and methods

Antibodies and reagents
3-Methyladenine (3-MA) was purchased from Selleckchem (Houston, TX). Antibodies to p-Smad3, Smad3, p-extracellular signal-regulated kinases 1/2 (ERK1/2), ERK1/2, p-EGFR, Beclin-1, Notch1, p-TAK1, TAK1 were purchased from Cell Signaling Technology (Danvers, MA). Antibodies to Collagen I (A2), GAPDH, EGFR, TGFβRI, p-NF-κB (p65), NF-κB (p65), TNF-α, Jagged-1, CD68 and CD3 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-p-Histone H3 antibody was purchased from Abcam (Cambridge, MA). MCP-1, RANTES, TGF-β1 ELISA kits and antibody to lipocalin-2 (Lcn2) were purchased from R&D systems (Minneapolis, MN). Anti-LC3 antibody was purchased from Novus Biologicals (Littleton, CO). Anti-β-Catenin antibody was purchased from BD Biosciences (San Diego, CA). Anti-Wnt1 antibody was purchased from Rockland (Limerick, PA, U.S.A.). Vectastain ABC kit was from Vector Laboratories (Burlingame, CA). Malondialdehyde (MDA) and superoxide dismutase (SOD) biochemical reagent kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Antibodies to α-smooth muscle actin (α-SMA ) and β-actin, secondary antibodies for Western blot, and all other chemicals were purchased from Sigma (St. Louis, MO).
Cell culture and treatment
Rat renal interstitial fibroblasts (NRK-49F) were cultured in Dulbecco's modified Eagle's medium (DMEM) with F12 containing 10% FBS, 1% penicillin and streptomycin in an atmosphere of 5% CO 2 , and 95% air at 37
• C. To examine the impact and mechanisms of 3-MA, a specific autophagy inhibitor, on uric acid-stimulated renal fibroblast activation, NRK-49F cells were starved for 24 h with DMEM containing 0.5% FBS and then exposed to uric acid (800 μmol/l) for 36 h in the presence or absence of autophagy inhibitor. Then, cells were harvested for immunoblot analysis.
Assessment of renal function and other biochemistry index
Serum uric acid, creatinine, and BUN as well as urinary microalbumin were measured by automatic biochemistry assay (P800, Modular, U.S.A.) as described in our previous studies [7, 15] . In brief, blood sample was centrifuged at 2500 rpm/min for 5 min and 200 μl serum was put in an automatic biochemistry analyzer (P800, Modular, U.S.A.) for analysis.
Assessment of oxidative stress index
After 3 weeks of daily feeding of the mixture of adenine and potassium oxonate with or without 3-MA administration, collected kidney samples were ground and homogenized. The concentration of SOD and MDA in kidney tissues were detected by commercial kits according to the manufacturer's instructions, and the final levels of SOD and MDA were normalized to the protein concentration of kidney tissue homogenate.
Immunoblot analysis
Cells were washed once with ice-cold PBS and harvested in a cell lysis buffer mixed with a protease inhibitor cocktail following various treatments. To prepare protein samples for immunoblot, the kidney tissue samples were homogenized with cell lysis buffer and with protease inhibitor cocktail. Proteins were separated by SDS/PAGE and transferred to nitrocellulose membranes. After incubation with 5% non-fat milk for 1 h at room temperature, membranes were incubated with a primary antibody overnight at 4
• C and then incubated with appropriate horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Bound antibodies were visualized by chemiluminescence detection. The densitometry analysis of immunoblot results was determined by NIH Image software (National Institutes of Health, Bethesda, MD).
Immunofluorescent and immunohistochemical staining
Immunofluorescent and immunohistochemical staining was performed according to the procedure described in our previous studies [7, 15] . Formalin-fixed kidneys were embedded in paraffin and prepared in 3-μm-thick sections. For immunofluorescent staining, the tissue sections were rehydrated and labeled with primary antibodies p-Histone H3, and then exposed to Texas red-labeled or FITC green-labeled secondary antibodies (Invitrogen). For assessment of renal fibrosis, Masson's trichrome staining was carried out according to the protocol provided by the manufacturer (Sigma, St. Louis, MO). The collagen tissue area (blue color) was quantitatively measured by using ImagePro Plus software (Media Cybernetics, Silver Spring, MD, U.S.A.) by drawing a line around the perimeter of positive staining area, and the average ratio to each microscopic field (400×) was calculated and graphed. For general histology, sections were stained with Periodic acid-Schiff and Sirius Red. To assess the extent of tubular injury, morphological damage (epithelial necrosis, luminal necrotic debris, and tubular dilation) in 3-4 sections per kidney and 10-12 fields per section were quantitated using the following scale: normal = 0; injury < 30% = 1; 30-60% = 2; and injury > 60% = 3. Rabbit anti-Lcn2, rabbit anti-TNF-α, and mouse anti-α-SMA (Sigma-Aldrich) antibodies were used for immunohistochemical staining. Severity of inflammation was graded by counting the absolute number of CD68-positive cells and CD3-positive cells in each field and reported as the mean of 20 random high-power (200×) fields in each rat in six rats per group.
Glomerulosclerosis index
A semiquantitative glomerulosclerosis index was used to evaluate the degree of glomerulosclerosis in Periodic acid-Schiff (PAS) staining [23] . Severity of sclerosis for each glomerulus was graded on a 0-4 scale, which represents the sclerotic area of the glomerulus (0 represents no lesion, 1 represents 1-25%, 2 represents 26-50%, 3 represents 51-75%, 4 represents 76-100%). The total number of different grades was recorded as N0, N1, N2, N3, and N4, respectively. We observed 30 glomeruli selected at random from each kidney and obtained the final glomerulosclerosis index according to the formula: (0×N0 + 1×N1 + 2×N2 + 3×N3 + 4×N4)/30.
ELISA analysis
ELISA analysis was performed according to the procedure described in our previous studies [7, 15] . Briefly, to assess renal expression of inflammatory cytokines such as MCP-1, RANTES, and TGF-β1, rat kidneys were homogenized and the supernatant was recovered after centrifugation at 19000 rpm/min for 20 min at 4
• C. Multiple cytokines' level of kidney sample was examined by using the commercial Quantikine ELISA kit in accordance with the protocol specified by the manufacturer (ELISA kit, R&D systems, Minneapolis, MN).
Examination of autophagic vacuoles in renal tissue by EM
EM was performed to observe the morphology of autophagic structures. After indicated treatments, the rats were killed and perfused with 10 ml (10 units/ml) heparin, followed by 50 ml fixative. Kidneys were then harvested and postfixed in the same fixative (100 mmol/l sodium cacodylate, 2 mmol/l CaCl 2 , 4 mmol/l MgSO 4 , 4% paraformaldehyde, and 2.5% glutaraldehyde). Approximately 1 mm 3 of tissue cube was collected from each kidney, including a portion of renal cortex and outer medulla for standard EM processing. And various autophagic structures including phagophore, autophagosome, and autolysosome in proximal tubular cells were revealed at high magnification (×10000). For quantitation, 20-30 fields of magnification (×10000) were randomly selected from each kidney and digital images with scale bars were taken. Using Axio Vision 4 software, the amount of autophagic vacuoles per unit cytoplasmic area of 100 μm was evaluated.
Statistical analysis
All the experiments were performed at least three times. Data depicted in graphs represent the means + − S.E.M. for each group and were subjected to one-way ANOVA. Multiple means were compared using Tukey's test. The differences between two groups were determined by Student's t test. Statistical significant difference between mean values was depicted in each graph. P<0.05 is considered as significant difference. As renal fibroblast activation is considered as a pivotal mechanism of HN [24] , we examined the impact of pharmacological inhibition of autophagy by 3-MA, a highly selective inhibitor of autophagy, on uric acid-induced activation of renal fibroblasts (NRK-49F). NRK-49F cells were starved for 24 h with DMEM containing 0.5% FBS and then exposed to uric acid for 36 h in the presence or absence of 3-MA. Then, cells were harvested for immunoblot analysis. The autophagy levels were assessed by detecting Beclin-1 and the ratio of LC3II/I [17] . Figure 1A showed that compared with serum-starved NRK-49F, uric acid-exposed NRK-49F expressed higher protein levels of α-SMA and collagen I, hallmarks of activated renal interstitial fibroblasts [7] . In the presence of 3-MA, uric acid-induced α-SMA and collagen I expression were abolished ( Figure 1A -C). Uric acid also triggered a significant up-regulation of LC3II/I and Beclin-1 ( Figure 1D-F) . 3-MA dose-dependently suppressed these responses ( Figure 1A-F) . Taken together, these results indicate that hyperuricemic injury can induce autophagy, which is essential for the activation of renal interstitial fibroblasts in vitro.
3-MA inhibits uric acid-induced activation of multiple signaling pathways associated with renal fibroblast activation
Our previous study has demonstrated that multiple signaling pathways are activated in the process of uric acid-induced renal fibrosis [7] . But it remains unknown whether autophagy plays a role in the activation of signaling pathways associated with renal fibroblast activation. To investigate the possible role of autophagy in this process, we examined the effect of 3-MA on the expression and/or phosphorylation of TGF-βRI, Smad3, Wnt1, β-catenin and EGFR, and ERK1/2 in cultured renal interstitial fibroblasts. As indicated in Figure 2A , TGF-βRI and total Smad3 were expressed in renal interstitial fibroblasts and uric acid exposure increased TGF-βRI expression and Smad3 phosphorylation. Treatment with 3-MA decreased TGF-βRI expression levels and the ratio of p-Smad3/Smad3 in a dose-dependent manner (Figure 2A ,B). Uric acid exposure also increased expression of Wnt1 and β-catenin as well Cultured NRK-49F cells were starved for 24 h and then exposed to 800 μM of uric acid for 36 h in the absence or presence of 3-MA (0-10 mM). Cell lysates were subjected to immunoblot analysis using antibodies to α-SMA, Collagen I, or β-Actin (A). Expression levels of α-SMA and Collagen I were quantitated by densitometry and normalized with β-Actin (B,C). Cell lysates were subjected to immunoblot analysis using antibodies to LC3, Beclin-1, or β-Actin (D). LC3 was showed in LC3II/I ratio (E). Beclin-1 was quantitated by densitometry and normalized with β-Actin (F). Data are represented as the mean + − S.E.M. Means with different superscript letters are significantly different from one another (P<0.05).
as induced phosphorylation of EGFR and ERK1/2, 3-MA treatment dose-dependently inhibited all these responses ( Figure 2C-F) . Thus, autophagy may contribute to uric acid-induced activation of multiple pro-fibrotic signaling pathways in cultured renal fibroblasts.
Administration of 3-MA inhibits autophagy in the kidney of hyperuricemic rats
To further assess the role of autophagy in HN, we established a rat model of HN by daily feeding a mixture of adenine and potassium oxonate for 3 weeks. As indicated in Figure 3 , rats with hyperuricemic damage displayed increased expression of LC3II/I and Beclin-1 in the kidney. Treatment with 3-MA remarkably reduced their expression levels. Notably, LC3II/I and Beclin-1 were barely observed in the kidneys of sham rats. 3-MA treatment reduced expression of Beclin-1 but did not alter expression of LC3II/I in the kidney of sham rats ( Figure 3A -C). To validate the autophagy in this model and the efficacy of 3-MA treatment, we further examined the appearance of autophagosomes Cultured NRK-49F cells were starved for 24 h and then exposed to 800 μM of uric acid for 36 h in the absence or presence of 3-MA (0-10 mM). Cell lysates were subjected to immunoblot analysis using antibodies to TGF-βR, p-Smad3, Smad3, or β-Actin (A). Expression levels of TGF-βR were quantitated by densitometry and normalized with β-Actin; expression levels of p-Smad3 and Smad3 were calculated by densitometry and the ratio between p-Smad3 and Smad3 was determined (B). Cell lysates were prepared and subjected to immunoblot analysis with antibodies to Wnt1, β-catenin, and GAPDH (C). Expression levels of Wnt1 were quantitated by densitometry and normalized with GAPDH and expression levels of β-catenin were quantitated by densitometry and normalized with GAPDH (D). Cell lysates were prepared and subjected to immunoblot analysis with antibodies to p-EGFR, EGFR, p-ERK1/2, ERK1/2, and GAPDH (E). Expression levels of p-EGFR and EGFR were calculated by densitometry and the ratio between p-EGFR and EGFR was determined (F). Expression levels of p-ERK1/2 and ERK1/2 were calculated by densitometry and the ratio between p-ERK1/2 and ERK1/2 was determined (F). Data are represented as the mean + − S.E.M. Means with different superscript letters are significantly different from one another (P<0.05). and related autophagic vacuoles by EM (×10000) ( Figure 3D ). The structures of autophagosomes were identified as double or multiple membrane structures containing cytoplasm or undigested organelles, the autolysosomes appeared to be single membrane structures with remnants of cytoplasmic components. We adopted morphometric analysis to calculate the number of autophagic vacuoles per unit cytoplasmic area of 100 μm. Consistent with the results of immunoblots of LC3-II accumulation in renal tissues, rare autophagic vacuoles were shown in the kidneys of sham rats with or without 3-MA. In contrast, numerous autophagic vacuoles appeared in proximal tubular cells of rats with HN. However, 3-MA treatment reduced the number of autophagic vacuoles ( Figure 3D,E) . Thus, these data illustrate that hyperuricemia can induce formation of autophagic vacuoles, which may be related to the damage of organelles and collapse of cytoplasm and that 3-MA treatment is able to block these detrimental effects induced by uric acid.
Autophagy inhibition prevents renal function and proteinuria and alleviates renal histopathologic changes in hyperuricemic rats
To investigate the efficacy of autophagy inhibition in preventing renal dysfunction and reducing proteinuria in vivo, we examined the effect of 3-MA on renal function and microalbumin in hyperuricemic nephropathy (HN). After 3 weeks of daily feeding the mixture of adenine and potassium oxonate, serum uric acid, creatinine, BUN, and urine microalbumin were increased in rats with HN, and 3-MA administration significantly reduced serum levels of uric acid, creatinine, and BUN as well as proteinuria ( Figure 4A-D) . PAS staining further showed that serious glomerulosclerosis, tubulointerstitial lesions in the kidney of HN. The majority of proximal tubules became dilated and lined by flat, thin epithelium lack of brush borders after uric acid injury. 3-MA administration ameliorated the pathology of tubular atrophy, interstitial fibrosis, and glomerulosclerosis ( Figure 4E ,F and Supplementary Figure S1A,B) . Seminal scoring analysis showed that 3-MA improved tubular injury by 60%. No significant histopathological changes were observed in the kidney of rats without feeding a mixture of adenine and potassium oxonate ( Figure 4F ). Collectively, these data indicate that autophagy contributes to renal dysfunction and histopathological damage. Inhibition of autophagy by 3-MA reduces serum levels of uric acid, improves renal function, decreases proteinuria, preserves renal tissue architecture in hyperuricemic rats.
Administration of 3-MA attenuates renal Lcn2 expression and decreases oxidative stress in the kidney of hyperuricemic rats
It has been documented that Lcn2 is a well-known biomarker of renal tubular injury in both acute and chronic kidney injuries [25, 26] . To understand whether 3-MA would be able to suppress tubular damage in rats with HN, we examined the effect of 3-MA on the expression of Lcn2 in rats with HN. As shown in Figure 5A , immunohistochemistry staining demonstrated that Lcn2 expression was barely observed in the renal tubules of sham kidneys with or without treatment of 3-MA, but it was dramatically increased in renal tubules of HN. Lcn2-positive staining dots were also seen in the lumen of some tubules of injured kidney, suggesting that they were debris detached from tubular cells. Blockade of autophagy reduced renal Lcn2 expression. These results were confirmed by decreased expression levels of Lcn2 in kidney tissues collected from hyperuricemic rats with 3-MA administration compared with those without 3-MA treatment by immunoblot analysis (Figure 5B,C) . Thus, these data indicate that 3-MA can effectively inhibit renal tubular cell damage in rats with HN.
Uric acid injury causes oxidative stress [27, 28] , which functions as autophagy inducer [29, 30] . SOD protects the cells from superoxide toxicity, while MDA indicates lipid peroxidation. Both of them are frequently used as biomarkers for oxidative stress [30] . To explore the mechanisms of 3-MA regulated oxidative stress, we examined SOD and MDA activity in the kidney tissue homogenates. As shown in Figure 5D ,E, a high level of SOD was detected in the sham kidney with or without 3-MA treatment. Its level was decreased in the hyperuricemic kidney, but preserved after 3-MA administration ( Figure 5D ). While the level of MDA was up-regulated after hyperuricemic injury. 3-MA administration significantly reduced its levels ( Figure 5E ). Therefore, 3-MA treatment can effectively inhibit uric acid-elicited oxidative stress in rats with HN.
Autophagy inhibition abrogates the progression of renal fibrosis and reduces renal expression of collagen I and α-SMA in hyperuricemic rats
The major feature of renal fibrosis is characterized by overproduction and accumulation of extracellular matrix (ECM), which ultimately leads to fibrotic lesions and tissue scarring [31, 32] . To assess the role of autophagy in renal fibrosis, we examined the effect of 3-MA on the expression of interstitial collagen fibrils. At day 21 following hyperuricemic damage with or without administration of 3-MA, kidneys were collected and then subjected to Masson's trichrome staining and immunoblots to analyze expression of ECM proteins. As shown in Figure 6A , kidneys with HN displayed severe morphological lesions as evidenced by glomerulosclerosis, tubular dilation, epithelial atrophy, interstitial expansion, and collagen accumulation characterized by a remarkable enhancement of trichrome-positive areas in the tubulointerstitium after hyperuricemic injury. Semiquantitative analysis of Masson's trichrome-positive areas revealed approximately a ten-fold increase in the deposition of ECM components in the hyperuricemic injured kidney compared with control kidneys while 3-MA treatment reduced ECM components deposition by 75% ( Figure  6B ). These results were also confirmed by Sirius Red staining ( Figure 6C,D) . As collagen I is a major component of the interstitial matrix and myofibroblasts are principle cell types responsible for production of ECM proteins, we determined expression of collagen I and α-SMA, the hallmark of myofibroblasts [33] by immunoblot analysis. Both collagen I and α-SMA were up-regulated at day 21 following hyperuricemic injury, and administration of 3-MA significantly reduced their expression ( Figure 6E,F) . Densitometry analysis of immunoblots indicates a 62% reduction in α-SMA in HN rats treated with 3-MA compared with those without 3-MA Figure 6F ). Immunostaining also indicated a remarkable increase in α-SMA-positive area in the kidney with HN and 3-MA treatment reduced this α-SMA-labeled area (Supplementary Figure S1C,D) . These data demonstrate that autophagy blockade can inhibit renal accumulation of ECM proteins and fibroblasts activation following hyperuricemia-elicited kidney injury.
treatment (
Autophagy inhibition rescues the G 2 /M arrest in renal epithelial cells after hyperuricemic injury
It has been documented that proximal tubular cells arrested in the G 2 /M phase after severe kidney injury induced up-regulation of profibrotic cytokine production [14] . Phosphorylation at serine residue (Ser 10 ) in the histone H3 tail (p-Histone H3) is considered as a hallmark of cells in G 2 /M phase of cell cycle [34] . To elucidate the role of autophagy in this process, we examined the expression of p-Histone H3 by immunoblot analysis and immunoflurescence staining. As shown in Figure 7A ,B, immunoblot analysis of whole kidney lysates showed that expression of p-Histone H3 was increased in the kidney of rats after hyperuricemic injury and inhibition of autophagy by 3-MA significantly decreased its expression. Consistent with this observation, immunostaining analysis showed that the number of p-Histone H3 positive renal tubular cells was remarkably increased in HN rats compared with sham rats, and administration of 3-MA significantly reduced the number of p-Histone H3 labeled tubular cells ( Figure 7C ). Taken together, activation of autophagy is essential for driving renal epithelial cell cycle to arrest at G 2 /M phase after hyperuricemic injury, and 3-MA treatment can block this response.
Administration of 3-MA inhibits activation of Smad3 and TAK1 signaling pathways in a rat model of HN
TGF-β signaling contributes to renal fibrosis, and TGFβ1-induced activation of Smad-dependent and -independent TAK1 signaling pathways results in the accumulation of ECM proteins and progression of renal fibrosis in animal models and CKD patients [35, 36] . To explore whether these two signaling pathways are involved in the autophagy-mediated development of renal fibrosis, we examined the effect of 3-MA on the activation of these signaling pathways in rats with HN. Hyperuricemic injury enhanced the expression level of TGF-β1, which was suppressed by administration of 3-MA ( Figure 8A ). Hyperuricemic damage also increased the expression and/or phosphorylation of TGFβ-RI, Smad3, TAK1, and total TAK1 in the kidney ( Figure 8B-G) . 3-MA administration significantly inhibited all these responses ( Figure 8A-G) . Therefore, it appears that autophagy mediates activation of TGFβ1-induced Smad3 and TAK1 signaling pathways in hyperuricemia-associated kidney diseases, and inhibition of autophagy by 3-MA can abrogate transduction and activation of these pivotal pathways.
Administration of 3-MA inhibits Wnt/β-catenin and Notch/Jagged-1 signaling pathways in a rat model of HN Aberrant activation of the Wnt/β-catenin pathway has been reported to be associated with renal disorders but the underlying mechanism is not clear [37] . Here, we tested the hypothesis that autophagy contributes to activation of the Wnt/β-catenin pathway. Densitometry analysis demonstrated an increase in the expression level of both Wnt1 and β-catenin proteins in the kidney of HN rats, 3-MA treatment inhibited renal Wnt1 expression to the basal level and also largely suppressed hyperuricemia-induced expression of β-catenin in HN rats ( Figure 9A-C) . Collectively, these data suggest that hyperuricemia associated kidney damage is accompanied by activation of the Wnt/β-catenin signaling pathway and that autophagy is involved in the activation of this signaling pathway.
Activation of Notch signaling pathway has been reported to promote the progression of renal fibrosis in various renal disorders in humans or in animal models [11] . To find out how Notch pathway functions during the autophagy induced by hyperuricemic injury in the kidney, we examined the expression of Notch before and after autophagy blockage. As shown in Figure 9D -F, a low level of Notch1 protein was seen whereas expression of Jagged-1, a classical ligand of Notch pathway, was not detectable in sham kidneys. However, expression levels of both of them were increased significantly in rat kidney after hyperuricemic injury. Treatment with 3-MA suppressed uric acid-induced expression of Jagged-1, Notch1. Therefore, hyperuricemia-associated kidney damage is accompanied by activation of the Notch signaling pathway and autophagy may contribute to aggravating renal fibrosis through activation of the Notch signaling pathway. 
Administration of 3-MA suppresses EGFR/ERK1/2 signaling pathway in a rat model of HN
Our recent studies have shown that activation of EGFR/ERK1/2 signaling pathway is implicated in the development and progression of HN in rats [7, 15] . EGFR belongs to tyrosine kinase receptor involved in renal fibroblast activation and proliferation [31, 33] . To examine the role of autophagy in EGFR and ERK1/2 activation in the kidney, we investigated the effect of 3-MA on the phosphorylation/expression of EGFR and ERK1/2 by immunoblot analysis.
Figure 8. 3-MA treatment suppresses activation of the TGF-β induced Smad and TAK signaling pathway in hyperuricemic rats
Expression levels of TGF-β1 were determined by ELISA (A). Kidney tissue lysates collected after 3 weeks of daily feeding of the mixture of adenine and potassium oxonate with or without 3-MA administration were prepared and subjected to immunoblot analysis with antibodies to TGF-βR, p-Smad3, Smad3, and GAPDH (B). Expression levels of TGF-βR were quantitated by densitometry and normalized with GAPDH (C). Expression levels of p-Smad3 and Smad3 were calculated by densitometry and the ratio between p-Smad3 and Smad3 was determined (D). Kidney tissue lysates were prepared and subjected to immunoblot analysis with antibodies to p-TAK1, TAK1, and GAPDH (E). Expression levels of p-TAK1 (F) and TAK1 (G) were quantitated by densitometry and normalized with GAPDH. Data are represented as the mean + − S.E.M. Means with different superscript letters are significantly different from one another (P<0.05).
Figure 9. 3-MA treatment inhibits activation of Wnt-1 and Notch pathway in hyperuricemic rats
Kidney tissue lysates collected after 3 weeks of daily feeding of the mixture of adenine and potassium oxonate with or without 3-MA administration were prepared and subjected to immunoblot analysis with antibodies to Wnt1, β-catenin, and GAPDH (A). Expression levels of Wnt1 was quantitated by densitometry and normalized with GAPDH (B). Expression levels of β-catenin were quantitated by densitometry and normalized with GAPDH (C). Kidney tissue lysates were prepared and subjected to immunoblot analysis with antibodies to Notch1, Jagged-1, and GAPDH (D). Expression levels of Notch1 was quantitated by densitometry and normalized with GAPDH (E). Expression levels of Jagged-1 were quantitated by densitometry and normalized with GAPDH (F). Data are represented as the mean + − S.E.M. Means with different superscript letters are significantly different from one another (P<0.05). 
Figure 10. Inhibition of autophagy blocks activation of the EGFR/ERK1/2 signaling pathway in hyperuricemic rats
Kidney tissue lysates collected after 3 weeks of daily feeding of the mixture of adenine and potassium oxonate with or without 3-MA administration were prepared and subjected to immunoblot analysis with antibodies to p-EGFR, EGFR, and GAPDH (A). Expression levels of p-EGFR and EGFR were calculated by densitometry and the ratio between p-EGFR and EGFR was determined (B).
Expression levels of EGFR was quantitated by densitometry and normalized with GAPDH (C). Kidney tissue lysates were prepared and subjected to immunoblot analysis with antibodies to p-ERK1/2, ERK1/2, and GAPDH (D). Expression levels of p-ERK1/2 and ERK1/2 were calculated by densitometry and the ratio between p-ERK1/2 and ERK1/2 was determined (E). Expression levels of ERK1/2 were quantitated by densitometry and normalized with GAPDH (F). Data are represented as the mean + − S.E.M. Means with different superscript letters are significantly different from one another (P<0.05).
The phosphorylated EGFR and ERK1/2 were slightly detectable in the sham kidneys and dramatically increased in the kidneys with HN. 3-MA treatment abolished these responses ( Figure 10A,B,D,E) . Hyperuricemia induced kidney injury was also accompanied by increased expression levels of total EGFR and ERK1/2, however, inhibition of autophagy with 3-MA did not affect their expression ( Figure 10A,C,D,F) . Therefore, 3-MA is effective in blocking activation of EGFR/ERK1/2 signaling pathway in a rat model of HN.
Autophagy is required for the activation of NF-κB signaling pathway and production of numerous proinflammatory and profibrotic cytokines in a rat model of HN
Given that uric acid can trigger inflammatory responses by activating transcription factor, such as NF-κB and inducing production and release of cytokines like TNF-α, MCP-1, and RANTES [38] [39] [40] ; we further examined the effect of autophagy inhibition on the activation of NF-κB signaling pathway and the expression of these three proinflammatory cytokines in this model. As indicated in Figure 11A ,B, phosphorylation level of NF-κB was up-regulated in the kidneys with HN and significantly inhibited upon administration of 3-MA. Expression of total NF-κB was not affected by hyperuricemia elicited injury and 3-MA. Only a small amount of p-NF-κB was detected in the sham kidneys treated with or without 3-MA. To understand the effect of 3-MA on the expression of TNF-α, MCP-1, and RANTES, we examined their expression by either immunohistrochemistry or ELISA. As shown in Figure 11C -F, an increase in these cytokines was observed in the kidneys of hyperuricemic rats. Administration with 3-MA significantly reduced these responses. These data suggest that autophagy promotes NF-κB pathway activation and production of multiple cytokines in the kidney with HN.
Autophagy is required for macrophage and lymphocyte infiltration in a rat model of HN
Kidney fibrosis is aggravated by chronic inflammation, which is characterized by macrophage and lymphocyte infiltration [41, 42] . CD68 and CD3 are well-known biomarkers of macrophage and lymphocyte, respectively [41, 42] . To elucidate the effect of autophagy on the regulation of macrophages and lymphocytes infiltration in hyperuricemia-induced kidney injury, we conducted immunochemistry analysis using specific antibodies against CD68 or CD3. As shown in Figure 12A ,B, the number of CD68-postive macrophages in the injured kidney was increased in HN rats compared with sham animals, and 3-MA treatment remarkably inhibited their infiltration. Similar results were obtained when kidney tissue was analyzed with Western blotting (Figure 12C,D) . Similarly, the number of CD3-postive lymphocytes was also significantly increased in the kidney of HN rats compared with sham-operated rats, and 3-MA treatment prevented their infiltration ( Figure 12E,F) . As such, these data reveal that blockade of autophagy suppresses macrophage and lymphocyte infiltration.
Discussion
Hyperuricemia is critically associated with chronic kidney injury [7, 15] and the prevalence of HN has increased worldwide [43] . However, the mechanisms involved in HN remain unclear and require further investigations. By using autophagy inhibitor 3-MA, we demonstrated that autophagy inhibition suppresses activation of renal interstitial fibroblasts and production of ECM components in vitro and in a murine model of HN induced by feeding a mixture of adenine and potassium oxonate. Moreover, we found that autophagy is required for renal tubular injury and activation of multiple signaling pathways associated with renal fibrogenesis and inflammation. Collectively, these data suggest that autophagy contributes to the development of HN by inducing renal tubular cell damage and triggering various fibrogenic and inflammatory responses.
Autophagy has been defined as a highly conserved catabolic process, which involves the bulk lysosomal degradation of cytosolic components and cytosolic organelles [22] . It is acknowledged that the response of autophagy to kidney damage can be beneficial or harmful, depending on different pathological settings. In nephrotoxic models of acute kidney injury, Periyasamy-Thandavan et al. [44] have demonstrated a renoprotective role of autophagy during cisplatin injury of renal proximal tubular cells. A prosurvival effect of autophagy was also observed in tubular cells during cyclosporine A nephrotoxicity [45] . In the models of renal ischemia-reperfusion injury, early autophagic responses during hypoxia also played a protective role in cell survival by promoting generation of intercellular nutrients and energy and clearance of misfolded protein and damaged organelles to keep cellular homeostasis [46, 47] . However, persistent autophagy during the recovery phase was detrimental to the kidney due to suppressing tubular proliferation and regeneration, accompanying with irreversible collapse of cytoplasm or organelles [48] . As for obstructed kidneys, Livingston et al. [49] showed that persistent activation of autophagy in kidney proximal tubules potentiates renal interstitial fibrosis via promoting overexpression of TGF-β, tubular cell death, and interstitial inflammation in the mouse model. However, in the rat model of unilateral ureteral obstruction (UUO), Kim et al. [50] noted that autophagy may limit fibrosis by abolishing apoptosis. In this report, autophagy was blocked with 30 mg/kg 3-MA Figure 11 . Inhibition of autophagy suppresses activation of NF-κB pathway and production of inflammatory cytokines in the kidney of hyperuricemic rats
The kidney tissue lysates collected after 3 weeks of daily feeding of the mixture of adenine and potassium oxonate with or without 3-MA administration were subjected to immunoblot analysis with specific antibodies against p-NF-κB, NF-κB, and GAPDH (A). Expression levels of p-NF-κB were quantitated by densitometry and normalized with NF-κB (B). daily, which was twice as much as the dosage used in mouse model, leading to tubular cell apoptosis and interstitial fibrosis. Since the high concentration of 3-MA not only inhibits class I phosphoinositide 3-kinase, but also blocks class III phosphatidylinositol 3-kinase, the survival signaling pathways [51] , it is likely that higher dosage of 3-MA may produce autophagy-independent adverse effects on the physiology of tubular cells such as glycogen metabolism, lysosomal acidification, endocytosis, and the mitochondrial permeability transition, eventually leading to tubular cell apoptosis and interstitial fibrosis. As such, we employed 15 mg/kg 3-MA daily to investigate the role of autophagy in vivo model of HN and 1, 5, 10 μmol/l 3-MA in vitro model of renal fibroblast activation. Consistent with Livingston et al. [49] results, we found that autophagy plays a role in promoting renal fibrosis induced by hyperuricemia. We demonstrated that chronic uric acid stimulus is a causative factor for CKD in a rat model of HN. This was supported by our previous observations that elevated serum uric acid level was accompanied by increased level of serum creatinine, BUN, and urine microalbumin with the weekly data [7] . Several epidemiologic studies have also reported that serum uric acid concentration independently predicts the development of CKD [52] [53] [54] . However, serum urate concentration was not consistently related with the progression of CKD in patients with pre-existing CKD [3]. Notably, some factors in the epidemiologic studies, such as disparate covariate adjustment strategies, exposure and outcome definitions and follow-up time, may make the evidence uncertainty. But if there is still residual confounding after multivariable adjustment and other strategies, the association between serum uric acid and CKD may be significant even in the absence of causality [55] . Moreover, the inability to show the causal role of urate does not mean that lowing serum uric acid concentrations may not have beneficial effects on CKD. [56] [57] [58] . In this regard, our study showed that inhibition of autophagy by 3-MA effectively lowers serum uric acid concentrations and suppresses the uric acid-induced kidney damage in hyperuricemic rats, suggesting that targetted inhibition of autophagy may represent a potential therapeutic treatment for HN.
Our study also demonstrated that chronic uric acid insult leads to increased autophagy. The upstream signaling leading to autophagy activation includes transforming growth factor-β (TGF-β) signaling, a major positive regulator of autophagy [59, 60] , and mammalian target of rapamycin (mTOR) signaling, a key negative regulator of autophagy [17, 61] . Oxidative stress is also common autophagy inducer in cell stress [29, 30] . We and others confirmed that uric acid stimulus resulted in activation of TGF-β signaling [7] , down-regulation of mTOR signaling [62] , and increased oxidative stress [27, 28] . Thus, uric acid-induced activation of TGF-β signaling, inactivation of mTOR signaling, and increase in oxidative stress may lead to autophagy of tubular epithelial cells.
Hyperuricemia-induced autophagy may also relate to other mechanisms. Previously, we have demonstrated that EGFR signaling pathway is critically involved in renal fibrosis elicited by hyperuricemia, UUO, and ischemia-reperfusion [7, 31, 63] . Activated EGFR and its major downstream signaling ERK1/2, can aggravate the development of HN by activating TGF-β signaling and increasing inflammation responses [15] . Here, our data showed that pharmacological inhibition of autophagy blocked phosphorylation of EGFR and ERK1/2, suggesting that autophagy is coupled to the machinery leading to EGFR/ERK1/2 pathway activation. Furthermore, tubule-derived Wnts also play a role in renal fibroblast activation and fibrogenesis [37] . Our study demonstrated that blockade of autophagy suppressed Wnt-1 and β-catenin expression in hyperuricemia-related nephropathy. However, it remains unclear about how autophagy contributes to activation of β-catenin. It has been reported that tumor suppressor candidate 3 (TUSC3) can up-regulate autophagy-related proteins and promote nuclear translocation and activation of β-catenin in human NSCLC cells. Thus, it is possible that uric acid may induce autophagy and activation of the Wnt/β-catenin signaling pathway through regulation of TUSC3 expression [64] . Further studies are required to address this hypothesis. In addition, sustained Notch expression aggravates the tubulointerstitial fibrosis by promoting dedifferentiation, epithelial-to-mesenchymal transition (EMT) [65] . Notably, autophagy can regulate Notch degradation, and blocking Notch signal pathway can also influence the level of autophagy [66, 67] . In this study, we found that inhibiting autophagy with 3-MA reduced the number of autophagic vacuoles, coincident with decreased expression of Notch1 and Jagged-1. This suggests a regulatory role of autophagy in the activation of Notch signaling pathway.
Inflammation and autophagy are intertwined processes during physiological and pathological conditions, and aberrant cross-talk between these two processes have important impacts for the pathogenesis and treatment of several diseases [68] . In this study, we found that inhibiting autophagy blocked activation of NF-κB pathway, increased macrophage and lymphocytes infiltration and production of inflammatory cytokines, suggesting the importance of autophagy in regulating inflammatory responses during HN. In line with our observations, a study in humans also demonstrated that autophagy inhibition decreased production of TNF-α, suggesting a regulatory role of autophagy in the production of inflammatory cytokines [69] . Mechanistic studies revealed that autophagy can dampen proinflammatory responses through removing aggregated inflammasome structures [70] . Future studies are needed to elucidate whether this is also the case in the inflammation triggered during HN.
In addition, it has been reported that proximal tubular cells arrested in the G 2 /M stage of the cell cycle after kidney injury resulted in abnormal amplification of profibrogenic cytokines such as TGF-β1 [14] . This suggests that reversal of epithelial cells arrested at G 2 /M phase may help maintain the proper progress of tubular epithelial cells through the cell cycle and suppress the development of fibrosis during the injury phase. In the present study, we found that p-Histone-H3, a hallmark of cells arrested in G 2 /M, was highly expressed in the kidney of HN compared with sham animals and administration of 3-MA reduced the protein level of p-Histone H3 and the number of p-Histone H3 labeled tubular cells in HN kidney, suggesting that activation of autophagy is capable of facilitating renal fibrogenesis through conversion of renal epithelial cells into a profibrotic phenotype.
In summary, we demonstrated for the first time that blockage of autophagy inhibits activation of uric acid-induced renal fibroblasts activation and prevents development of hyperuricemia nephropathy in a rat model. The renoprotective effects of autophagy abrogation are associated with inactivation of multiple cytokine/growth factor receptors signaling pathways involved in fibrogenesis, suppression of inflammatory responses as well as rescue of G 2 /M arrest. Thus, targetted inhibition of autophagy could represent a novel and effective therapeutic strategy in treating HN.
